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Navier–Stokes Computations of Finned Kinetic
Energy Projectile Base Flow
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A computational � uid dynamics (CFD) study of � nned kinetic energy projectile base � ow is presented for
supersonic � ight conditions. A parabolized Navier–Stokes technique is used to compute the attached � ow over the
forebody and � ns. An unsteady Navier–Stokes technique is then used to compute the � ow in the base region. The
modelingapproachandcomputationalrequirements of theproblemare discussed. Base pressures fromseveral CFD
solutions at Mach numbers 3, 4, and 5 are presented, and the computed zero-yaw drag coef� cients are compared
with range-acquired values. Two-dimensional � ow visualization of the computed base � ow structure for one case
is presented, indicating the extent and shape of the separated � ow region. No � ow axisymmetry exists in the base
region,andthe� owstructure bears little resemblance to thoseof axisymmetriccon� gurationsat zero angleofattack.

Nomenclature
CD = total drag coef� cient, (drag force)=[ 1

2
q1.¼d2=4/]

CDB = base and � n trailing-edgedrag coef� cient
CDF = attached � ow drag coef� cient
CD±2 = yaw drag coef� cient
CDo = zero-yaw drag coef� cient
d = projectile reference diameter
L = unit length
M = Mach number
p = pressure
q = dynamic pressure
r = radial coordinate
s = arc or interval length
u; v; w = Cartesian velocity components
x; y; z = Cartesian coordinates; origin at nose tip x along

projectile axis nose to tail
yC = distance from wall in boundary-layercoordinates
± = total angle of attack
" = total energy per unit volume of � uid
½ = density
Á = roll angle

Subscripts

avg = average value
B = projectile base condition
wall = wall or solid surface condition
1 = freestream condition

Introduction

T HE prediction of � nned kinetic energy (KE) projectile base
� ow is a challenging problem in the area of applied computa-

tional � uid dynamics (CFD). The � nned projectile base � ow� eld,
even for a nonspinning con� guration at 0-deg angle of attack, is
a complex three-dimensional structure that demands large com-
puter resources and innovative graphical � ow visualization. Accu-
rate modelingof the base � ow will providethe base drag coef� cient,
an aerodynamics coef� cient yet to be adequately or routinely pre-
dicted for � nned KE projectiles using CFD. The � ow� eld details
provided by CFD can impact the design of � ns, base geometries,
and drag-reduction or lethality enhancements such as base bleed
mechanisms, rocket systems, or rear-eject submunitions.
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In the present study, CFD solutions are generated for a � nned
KE projectile at Mach numbers 3, 4, and 5. Two Navier–Stokes
� nite difference techniques are used in conjunction.A parabolized
Navier–Stokes (PNS) technique is used to compute the attached
� ow over the forebodyand � ns. An unsteady Navier–Stokes (UNS)
technique is then used to compute the � ow in the base region. The
major objectives are 1) to characterize the computationalmodeling
aspects of the problem, 2) to compare the total computed drag of
the projectile model with range-acquireddata for the actual round,
and 3) to gain insight into the � ow� eld structure.

Projectile Con� guration
The computational model of the � nned projectile, illustrated in

Fig. 1, is a simpli� ed versionof the actual con� guration.The model
possesses a conical nose section, followed by a cylindrical section
of constant reference diameter d equal to 35.2 mm. The total model
length is 13.94 calibers, in which 1 caliber is equal to 1 reference
diameter. The small blunt nose tip of the actual model is replaced
by a conical nose tip.

The six � ns are equally distributed around the body and aligned
with the projectile axis. The leading edges are cylindricallyblunted
and swept 71 deg. The trailing edges are truncated, perpendicular
to the projectile axis, and aligned with the projectile base, i.e., no
� n overhang.The � ns are tapered from root to tip. The leading- and
trailing-edgechamfers, which control the spin of the actual projec-
tile, are omitted from the computationalmodel.The base of the com-
putational model is assumed to be � at, with protuberancessuch as
the tracer cavity and the core rod/� nnedafterbodyinterfaceignored.

Typicalof long-rodKE projectiles,the actualprojectilepossesses
sabot grooves over the cylindrical forebody section. These grooves
act to transfer the accelerating force from the sabot, which also
acts as a bore rider, to the projectile. The correlation of Mikhail1

was used to estimate the effect of groove drag for this con� guration.
The correlation shows that the sabot grooves account for, at most,
1.6% of the total drag for Mach numbers between 3 and 5. With this
result in hand, the grooves are replaced by a smooth surface in the
computationalmodel.

The projectile is nonaxisymmetric; therefore, a clear de� nition
of circumferential location is essential for ensuing discussions.The
roll angle of a point in the � ow or on the body is de� ned here as
the circumferential angle measured relative to one reference � n. A
set of all points in space with the same roll angle is de� ned here
as a roll plane. Roll angle and roll plane can both be denoted as
Á without creating ambiguity. Also note that, because the angle of
attack is 0 deg and the computationalmodel has six symmetric � ns,
the computational � ow� eld is computed only between roll planes
0 deg· Á ·30deg,employingsymmetryprinciples.The Á D 0 deg
roll plane is coplanar with the � n plane of symmetry, whereas the
Á D 30 deg roll plane is located midway between two adjacent
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Fig. 1 Finned projectile model. All dimensions are in calibers (1 cal-
iber = 35.2 mm).

Fig. 2 Code coupling for � nned projectile base � ow modeling, Á = 0
deg.

� ns. In some grid and � ow visualization� gures to be presented,roll
plane 150 deg is used to represent roll plane 30 deg for clarity.

Flow Model for Projectile Forebody and Fins
A PNS technique is used to compute the � ow over the projectile

forebody and � ns, as depicted in Fig. 2. The PNS code used here
is a descendant of the code written by Schiff and Steger,2 is fully
implicit and approximately factored, and uses second-order central
differencing following Beam and Warming.3 In this formulation,
only the thin-layer viscous terms in the outward coordinate direc-
tion are retained.The Baldwin–Lomax4 algebraic turbulencemodel
is used in all cases presented here. A shock-� tted outer boundary
condition is used.5 The code is used in step-back mode to generate
a pointed conical nose tip solution, providing the initial conditions
for downstream marching.6 The PNS solutions for this con� gura-
tion were generatedusingabout1–2 h of computer time per solution
on a Cray X-MP computer. Details of the application of the PNS
technique to this and other � nned KE projectile con� gurations are
given in Refs. 7–11.

The PNS solutions serve as the upstream in� ow boundary condi-
tion for the base � ow computations.The PNS solutionsalso provide
the forebody drag contribution (from the forebody and � ns), which
is added to the base drag contribution(from the cylinderbase and � n
trailingedge) to obtain the total computedzero-yawdrag coef� cient
at each Mach number.

The forebody drag contribution was obtained by specifying a
constantwall temperatureof 294K, which is theapproximatelaunch
temperature of the projectile through the range facility. Separate
PNS solutions were generated using an adiabatic wall condition
and were used to provide the in� ow conditions for the ensuing base
� ow computations. The adiabatic wall condition was used because
a full implementation of the wall temperature boundary condition
did not exist at the onset of the study.

Flow Model for Projectile Base Region
Unsteady Navier–Stokes CFD Technique

The main focus of the present work is the application of a UNS
technique to generate base � ow solutions, also depicted in Fig. 2.

Fig. 3 Grid parameters for � nned projectile base � ow modeling.

The UNS approach is a time-marchingapproach, in which an initial
assumed � ow� eld is integrated throughtime toward, in this applica-
tion, a steady-statesolution.The techniqueused here has previously
been describedand applied to hypersonicvehicles and is an upwind
differencing code referred to as the UWIN code.12;13 The version
of the code used here is written in a two-zone grid formulation,
illustrated in Fig. 3.

The governing equations are a nondimensionalized form of
the time-dependent, Reynolds-averaged, thin-layer Navier–Stokes
equations in three-dimensionalgeneralized coordinates and strong
conservation law form, as given by Rai.14 The � ve dependent � ow
variables are density, three Cartesian components of momentum,
and total energy per unit volume. The pressure is de� ned by assum-
ing perfect gas behavior.

The governing � ow equations are discretized using an approx-
imately factored, implicit, � ux-split, upwind, total variation di-
minishing, � nite difference approach. The scheme, used here to
generate steady-state solutions, is temporally � rst-order accurate
and spatially second-order accurate. The implicit side of the dis-
cretized equation has been approximately factored following Beam
and Warming.3 The inviscid � ux-split Jacobian matrices that re-
late the changes in the inviscid � uxes with respect to the dependent
variables are given by Pulliam and Steger.15 The viscous Jacobian
matrix corresponding to the outward coordinate direction is given
by Steger.16

The explicit terms of the discretized equation include � rst-order,
inviscid, numerical � uxes, as well as � ux differences contributing
second-order spatial accuracy. These vectors, key elements of the
numerical scheme, are constructed using an upwind method.17 The
� ux differencesare modi� ed using a � ux-limiting procedure.18 The
terms in the viscosity vector are numerically differentiated using
standard second-order central differences.14 The nonlinear form of
the � nite difference equations is solved by applying a Newton-
iterativetechnique,18 andall solutionspresentedhereweregenerated
using two iterations per time step.

The Baldwin–Lomax4 turbulence model is used in the attached
� owregions.Downstreamfromtheprojectile,i.e., in thebase region,
turbulence is not modeled, and laminar viscosity terms are retained
only in the near-radial direction.

Freestream, Boundary, and Initial Conditions
Computational results are presented for freestream Mach num-

bers of 3, 4, and 5. The angle of attack is � xed at 0 deg, and the
spin rate is � xed at 0 rpm. The freestream conditions are taken to
be sea-level atmospheric values.

As already mentioned, the in� ow boundaryconditionsfor zone 1
are generatedby the PNS computations that provide the � ow condi-
tions at an axial position upstream of the projectile base. The outer
boundarypointsof zones1 and 2 are assigned freestreamvalues and
located beyond the bow shock, which is captured within the interior
of the computationaldomain. The downstreamout� ow boundaryof
zone 2 is speci� ed using a � rst-order extrapolationof the dependent
� ow variables. Circumferential boundary conditions are applied in
both zones by employing symmetry principles on the Á D 0 and
30 deg roll planes.
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Adiabatic boundaryconditionsare applied along all solid surface
boundaries.The no-slip boundary condition is enforced, and a zero
normalpressurederivativeis imposed.First-orderimplicitboundary
conditions are implemented.14

Zone 2 inner boundary points are assigned values depending on
whether a miniature sting or an axis boundary is prescribed within
the � ow domain. For the cases when a miniature sting is modeled,
the sting is treated as a solid, adiabatic surface. The axis boundary
is handled using the following � rst-order boundary conditions:

½1 D ½2 u1 D u2 v1 D 0 w1 D 0 p1 D p2 (1)

in which the subscripts 1 and 2 refer to the axis boundary point
and � rst interior grid point, respectively, along a radial grid line.
For the three-dimensional� ow situation in this study, the preceding
relationshipsyield multivaluedaxis grid points. The mean values of
each of these variablesare calculated and used at all coincidentaxis
points, and the total energy is then determined using the perfect gas
relationship.

The zonal boundary interface, consisting of two overlapping
boundaries, is located at the projectile base. Speci� cally, the two
zonal boundaries correspond to the zone 1 out� ow plane and the
zone 2 in� ow plane. Both zonal boundariesare perpendicularto the
projectile axis and overlap each other by one or more grid points.
The zone 2 zonal boundary is coplanarwith the base, the � n trailing
edge, and the next-to-last downstream grid plane of zone 1. The
zone 1 zonal boundary is located downstream from the base and � n
trailing edge and is constructed to be coplanar with either the � rst
or one of the � rst upstream interior grid planes of zone 2. Because
the zonal boundary is nonaligned, i.e., points do not match those of
the neighboring zone, it is necessary to interpolate the values of the
dependent variables within each zonal boundary plane.

An explicit, triangular,Cartesian interpolationprocedure is used.
The procedure is nonconservative, depending solely on the grid
geometries, and so the interpolation coef� cients associated with
each zonal boundary point are calculated only at the onset of the
computation. The interpolation procedure is not applied to those
zone 2 boundary grid points that are surface points, i.e., those that
constitute the projectile base or � n trailing edge. Those points are
instead� aggedat the onset of the computationand areupdatedusing
the adiabatic no-slip boundary procedure.

As is the case for the numerical simulationof any complex three-
dimensional� ow� eld, the initial conditionscan signi� cantly impact
the computer time needed for the solution to approach a steady
state. Zone 1 initial conditionswere straightforwardbecause of the
availabilityof the PNS solutions.Zone 2 initial conditionsproved to
be more sensitive because the use of freestreamor outer � ow initial
values causedcomputation-endingnumerical instabilitiesto arise in
almost all cases in which they were used.

An alternateinitializationprocedurewas implementedin an effort
to stabilize the numerical solution and promote faster convergence.
The zone 1 dependent variables at all axial locations were assigned
values from the correspondingoutward and circumferential indices
of the in� ow plane. The zone 2 in� ow dependent variables were
obtainedby applying the zonal boundary interpolationscheme at all
zonal boundary points, as described earlier. The cylinder base and
� n trailing-edge surface grid points were assigned zero velocity,
freestream total energy, and density values from the perfect gas
relation. The zone 2 out� ow variables were assigned freestream
values. Finally, the interior grid points were assigned values by
interpolatingbetween the zone 2 in� ow and out� ow grid planes.

Computational Data Sets and Grids
The six CFD solutions discussed here are introduced in Table 1.

All but one of the data sets were generatedon a Cray X-MP/48 com-
puter at Aberdeen Proving Ground (APG), Maryland, each using
about 2 million words (2 Mw) of memory and 200 h of computing
time. The most recent, and � nal, solutiondata set of the study (solu-
tion 3-B) was generated on a Cray 2 computer at APG, using about
11 Mw of memory and 1200 h of computer time. The large compu-
tational times are indicative of the exploratory nature of the study,
in which computationalef� ciency was a secondary issue compared
with the prospectof obtainingconvergedsolutions.For instance, the

Table 1 Base � ow computational solution data sets

CPU time
Data set Job per

Data set M1 Computer size, Mb size, Mw time step, s

3-A 3.0 Cray X-MP 10.5 1.8 21.0
3-B 3.0 Cray 2 66.0 11.3 147.0
4-A 4.0 Cray X-MP 3.6 0.6 6.0
4-B 4.0 Cray X-MP 10.5 1.8 18.0
4-C 4.0 Cray X-MP 10.5 1.8 21.0
5-A 5.0 Cray X-MP 10.5 1.8 21.0

Table 2 Grid parameters: zone 1

Grid points, xin, 1x� n , 1swall

Data set axial £ circ £ out caliber caliber £ 105 , caliber

3-A 10 £ 35 £ 45 13.36 0.064 5.8
3-B 30 £ 35 £ 45 13.36 0.00036 5.8
4-A 8 £ 25 £ 45 13.36 0.082 72.0
4-B 10 £ 35 £ 45 13.36 0.064 5.8
4-C 10 £ 35 £ 45 13.36 0.064 5.8
5-A 10 £ 35 £ 45 13.36 0.064 4.3

Table 3 Grid parameters: zone 2

Solution Grid points, xout, 1xbase, Sting radius,
name axial £ circ £ out caliber caliber caliber

3-A 30 £ 35 £ 75 17.91 0.0144 None
3-B 54 £ 71 £ 160 17.91 0.00036 None
4-A 24 £ 25 £ 45 18.77 0.082 0.00072
4-B 25 £ 35 £ 90 16.10 0.0144 0.00072
4-C 30 £ 35 £ 75 17.91 0.0144 None
5-A 30 £ 35 £ 75 17.91 0.0144 None

Table 4 More grid parameters: zone 2

No. of points
1r0 , 1r1, 1r2 , across

Data set caliber caliber caliber trailing edge

3-A 0.0043 0.0043 0.022 10
3-B 0.0043 0.0043 0.072 15
4-A 0.0036 none none 2–4
4-B 0.0036 0.0022 0.022 10
4-C 0.022 0.0022 0.022 10
5-A 0.0043 0.0043 0.022 10

TVD formulation used here was already judged to be computation-
ally expensiveon a per-time-stepbasis; however, it was also known
to be very robust. Additional modeling considerationssuch as grid
resolution, � ow� eld initialization,and the use of various subsets of
viscosity terms signi� cantly impact the convergencecharacteristics
for this class of problem. In this sense, the single computational
times shown in Table 1 may be indicativeof an upper bound on the
expected usage for this problem.

Tables 2–4 list the values of grid parameters used for each solu-
tion, and these parameters are illustrated in Fig. 3. Grid clustering
is used in several areas and in all three coordinatedirections. In any
given direction, grid spacing between adjacent volume elements is
limited to §20% but is usually within §10–15%.

Figure 4 shows the PNS and UNS grids from solution 4-C in the
Á D 0 and 30 deg roll planes (the latter roll plane rotated to Á D 150
deg for clarity). Withoutexception,thegriddingis composedof two-
dimensional computationalgrid planes aligned perpendicularto the
projectileaxis. In zone 1, axial grid point spacing is constant except
for solution3-B, where points were clustered near the base. In zone
2, axial grid point clustering is prescribed near the projectile base,
and radialgrid pointclusteringis prescribedat threeradial locations:
1) the axis (or miniature sting, when present), 2) the cylinder outer
edge, and 3) the � n tip.

Figure 5 shows a cross section of the zone 1 grid of solution 3-B.
Each zone 1 grid cross section is a planar elliptic grid constructed
using the same approach as the PNS grids. Grid points are equally
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Table 5 Range-acquired zero-yaw
drag coef� cients

Shot no. M1 CDo

16,405 4.30 0.300
16,423 4.29 0.301
16,404 4.28 0.306
16,424 4.26 0.303
16,421 4.24 0.307
16,422 4.22 0.306
16,416 4.12 0.308
16,417 4.11 0.307
16,401 3.87 0.326
16,402 3.87 0.329
16,403 3.76 0.343
16,419 3.45 0.373
16,418 3.44 0.370
16,420 3.02 0.412

Table 6 Computed zero-yaw drag coef� cients

CDF , Data set, CDB , .pB =p1/
M1 PNS UNS UNS CDo avg

3.0 0.240 3-A 0.123 0.363 0.463
3-B 0.143 0.383 0.376

4.0 0.222 4-A 0.047 0.269 0.636
4-B 0.084 0.306 0.349
4-C 0.082 0.304 0.364

5.0 0.202 5-A 0.047 0.249 0.433

Fig. 7 Comparison of computed and range-acquired zero-yaw drag
coef� cients.

approximately 33, 26, and 19% of the computed total drag at Mach
3, 4, and 5, respectively.

Base Pressure
The drag comparisonserves as an initial indicatorof the accuracy

of the CFD approach, but a more precise validationof the predicted
� ow� eld is required because the base drag coef� cient composes
only a portion of the total drag. The focus of future research in this
area should be the acquisition of detailed base and � n trailing-edge
pressurewind-tunnelmeasurementsfor realisticcon� gurations.The
measurements reported in Refs. 20 and 21 provide additionaluseful
validation cases. Although no further quantitative comparisons are
made here, some details of the computed base � ow structures are
presented.

Table 6 includes the average base pressure, normalized by the
freestream value for each of the six CFD solutions. The average
base pressure is de� ned here to consist of the cylinder base and
� n trailing-edge contributions. Excluding solution 4-A because of
clearly inadequategrid resolution,Table 6 shows that the computed
average base pressure of Mach 5 is less than that of Mach 3 but
greater than that of Mach 4. Such nonmonotonic behavior of av-
erage base pressure with respect to freestream Mach number is
unexpected, at least for axisymmetric base � ows as well as two-
dimensional trailing-edge � ows. The result does not speci� cally

eliminate the possibility that interactionbetween the axisymmetric-
like cylinderbase and two-dimensional-liketrailing edge couldpro-
duce such behaviorbut shouldbe viewed as a possibleinconsistency
between solutions.The resultmay be attributableto inadequategrid
resolution, modeling assumptions such as lack of turbulence mod-
eling in the base region, or insuf� cient convergenceof one or more
of the CFD solutions. A conclusive interpretation cannot be made
without quantitativepressuremeasurementswith which to compare.

Figures 8–12 show the computed base pressure distributions
along roll angles Á D 0 and 30 deg for each of the six CFD solu-
tions. At Mach 4, solution 4-A has much higher base pressures than
solutions 4-B and 4-C, consistent with the preceding discussion of
drag.Solution 4-B has a lower base pressureon the cylinderportion
than solution 4-C, but the trend is reversed on the � n trailing edge,
and the integrated effect leads to the similar base drag values for
the two solutions, as already shown. At Mach 3, this same pressure
reversal on the cylinder base and � n trailing edge is found between
solutions 3-A and 3-B, although, as shown earlier, the difference in
base drag is only 15%.

Fig. 8 Computed base pressures, M 1 = 4, Á = 0 deg.

Fig. 9 Computed base pressures, M 1 = 4, Á = 30 deg.

Fig. 10 Computed base pressures, M 1 = 3, Á = 0 deg.






